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(54) Method for making high-strength high-toughness martensitic stainless steel seamless pipe 



(57) A method of producing a high-strength high- 
toughness martensitic stainless steel seamless pipe 
which includes heating a martensitic stainless steel raw 
material to an austenitic range and subjecting the raw 
material to piercing and elongating to form an original 
pipe. The original pipe is cooled to form a structure sub- 
stantially composed of martensite in the original pipe. 
The original pipe is reheated to a temperature in the du- 
al-phase range between the A c1 transformation point 



and the A^ transformation point, and is subjected to fin- 
ishing rolling at an initial rolling temperature T (°C) be- 
tween the A c1 transformation point and the A c3 transfor- 
mation point. The original pipe is then cooled to form a 
processed pipe. The processed pipe is tempered at a 
temperature below the A c1 transformation point. The re- 
duction in area R in the finishing rolling step may be in 
the range of 1 0% to 90%, and the initial rolling temper- 
ature T and the reduction in area R may satisfy the re- 
lationship: 800 < T - 0.625R < 850. 
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Description 
BACKGROUND 

s 1 . Field of the Invention 

[0001] This invention relates to a method for making a martensitic stainless steel seamless pipe. The seamless pipe 
has high corrosion resistance and is suitable for oil country tubular goods (OCTGs). In particular, the invention relates 
to improvements in toughness and a decrease in anisotropy of toughness. 

10 

2. Description of the Related Art 

[0002] In consideration of the advance in crude oil prices and anticipated depletion of oil resources in the nearfuture, 
deep stratum oil fields and highly corrosive sour gas fields are being developed all over the world. 
15 [0003] These oil and gas fields generally spread out at very deep layers and in severely corrosive environments at 
high temperatures containing C0 2 , CI" ions and the like. Thus. OCTGs used in these fields must have high toughness 
and high corrosion resistance. In general, under severe corrosive environments containing such C0 2 , CI" ions and the 
like, martensitic stainless steel seamless pipes with high C0 2 corrosion resistance containing 13% chromium are pri- 
marily used. 

20 [0004] Martensitic stainless steel seamless pipes are generally produced by the following process: A raw steel ma- 
terial is heated to a temperature capable of piercing, and subjected to piercing using a piercing mill and elongating 
using a mandrel mill or plug mill to form an original pipe. The original pipe is reheated to an austenitic temperature 
range and subjected to finishing rolling using a hot stretch reducing mill or a sizing mill. After air-cooling, the composition 
of the seamless pipe comprises martensite. The seamless pipe is subjected to quenching from the austenitic temper- 

25 ature range and tempering at a temperature below the A C1 transformation point if higher strength and highertoughness 
are required. 

[0005] Oil well pipes used in deteriorating well environments must have higher mechanical properties, such as higher 
toughness at low temperatures and higher resistance to sulfide stress cracking. 

[0006] In order to satisfy such requirements, for example, Japanese Unexamined Patent Application Publication No. 

30 1-123025 discloses a method for making a martensitic stainless steel seamless pipe. This method includes the steps 
of piercing and rolling a martensitic stainless steel slab at a temperature of 1 ,050°C to 1 ,250°C; cooling the rolled pipe 
at a cooling rate of 30°C/min to at least 500°C and further cooling the pipe to a temperature below the martensite 
transformation temperature to form a steel structure containing at least 80% of martensite; reheating the pipe to a 
temperature between (A c1 transformation point - 200°C) and A c1 transformation point and finishing-rolling the pipe at 

35 a reduction in area of at least 5%; maintaining the pipe at the final finishing-rolling temperature or reheating the pipe 
to a temperature below the A c1 transformation point immediately after the finishing rolling step, and then cooling the 
pipe by spontaneous orforced air cooling. Alternatively, after the step of forming the martensitic structure, this method 
may include the steps of reheating the pipe to a temperature between the (A c1 transformation point - 200°C) and the 
A c i transformation point, finishing-rolling the pipe at a reduction in area of at least 5%, and then cooling the pipe by 

40 spontaneous or forced air cooling; reheating the pipe to a temperature below the A c1 transformation point immediately 
after the finishing rolling step, and then cooling the pipe by spontaneous or forced air cooling. 
[0007] However, the seamless pipe produced by this method has the following problem: Since the pipe is rolled at 
a non-recrystallization temperature range, the structure is elongated in the rolling direction. As a result, the toughness 
and corrosion resistance of the seamless pipe are high in the rolling direction, but low in the circumferential direction 

45 perpendicular to the rolling direction. In other words, the seamless pipe exhibits noticeable anisotropy in mechanical 
properties. 

SUMMARY OF THE INVENTION 

so [0008] It would, therefore, be advantageous to provide a method for making a martensitic stainless steel seamless 
pipe having high strength, high toughness, and low anisotropy of mechanical properties, at low cost. In the invention, 
"high strength" means a yield strength YS of the pipe of about 551 MPa or more, and "high toughness" means an 
absorbed energy per unit area at -40°C by the Charpy impact test (hereinafter referred to as "E. 40 ") is about 90 J/cm 2 
or more. 

55 [0009] We intensively investigated the effects of finishing rolling conditions on toughness, and discovered that a 
seamless pipe having a fine martensitic structure with low anisotropy was obtained by reheating an original pipe that 
had been preliminarily treated so as to have a martensitic structure to a dual-phase temperature range at which both 
a ferritic (a) phase and an austenitic (y) phase; finishing-rolling the pipe at a specific initial rolling temperature and a 
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specific reduction in area; cooling the pipe; and tempering the pipe. 

[0010] Hence, this invention is direct to a method for making a high-strength high-toughness martensitic stainless 
steel seamless pipe including an original pipe production step of heating a martensitic stainless steel raw material to 
an austenitic range, piercing and elongating the raw material to form an original pipe, cooling the original pipe to form 

s a structure substantially composed of martensite in the original pipe; a finishing rolling step of reheating the original 
pipe to a temperature in the dual-phase range between the A c1 transformation point and the A c3 transformation point, 
finishing-rolling the original pipe at an initial rolling temperature T (°C) between the A c1 transformation point and the 
A c3 transformation point, cooling the original pipe to form a processed pipe having a predetermined size; and tempering 
the processed pipe at a temperature below the A c1 transformation point. 

10 [0011] Preferably, the reduction in area R in the finishing rolling step is in the range of about 10% to about 90%, and 
the initial rolling temperature T and the reduction in area R satisfies the relationship: 800 < T - 0.625R < 850. 

BRIEF DESCRIPTION OF THE DRAWINGS 

is [0012] 

Fig. 1 is a graph showing the effects of the reduction in area R and the initial rolling temperature T in finishing 
rolling on the toughness of a martensitic stainless steel seamless pipe; and 

Fig. 2 is a schematic diagram showing a process for making the martensitic stainless steel seamless pipe in ac- 
20 cordance with aspects of the invention. 

DETAILED DESCRIPTION 

[0013] Any known martensitic stainless steel can be used in the invention as a raw material for a martensitic stainless 
25 steel seamless pipe. A preferable composition of the martensitic stainless steel is as follows: about 0.005% by weight 
(hereinafter merely %) to about 0.30% C, about 0.10% to about 1 .00% Si, about 0.05% to about 2.00% Mn, about 
0.03% or less of P, about 0.005% or less of S, about 1 0.0% to about 1 5.0% Cr ; about 0.001 % to about 0.05% Al; and 
the balance Fe and incidental impurities. The composition may further contain at least one element of about 7.0% or 
less of Ni, about 3.0% or less of Mo, and about 3.0% or less of Cu; at least one element of about 0.2% or less of Nb, 
30 about 0.2% or less of V, about 0.3% or less of Ti, about 0.2% or less of Zr, about 0.0005% to about 0.01% B, and about 
0.07% or less of N; and/or at least one element of about 0.0005% to about 0.01% Ca and about 0.0005% to about 
0.01% REM (rare earth metals). 

[0014] The reasons for the limitation of the composition will now be described. 

35 C: about 0.005% to about 0.30% 

[0015] Carbon (C) is an essential element for ensuring desired strength of the martensitic stainless steel seamless 
pipe. The desired strength is achieved at a C content of at least about 0.005%. However, a C content exceeding about 
0.30% causes an increase in formation of course carbide grains that decrease toughness and corrosion resistance. 
40 Thus, the upper limit of the C content is preferably about 0.30% in the invention and more preferably about 0.22% to 
achieve higher corrosion resistance. 

Si: about 0. 1 0% to about 1 .00% 

45 [0016] Silicon (Si) is an essential element that functions as a deoxidizing agent in the steel making process. The 
deoxidizing effect is noticeable at a Si content of at least about 0.10%. However, a Si content exceeding about 1 .00% 
decreases toughness and hot workability. Thus, the upper limit of the Si content is preferably about 1.00%. More 
preferably, the Si content is in the range of about 0.10% to about 0.50%. 

so Mn: about 0.05% to about 2.00% 

[0017] Manganese (Mn) is an essential element that ensures strength of the martensitic stainless steel seamless 
pipe. The desired strength is achieved at an Mn content of at least about 0.05%. However, an Mn content exceeding 
about 2.00% decreases toughness. Thus, the C content is preferably in the range of about 0.05% to about 2.00% and 
55 more preferably about 0.30% to about 1 .60%. 
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P: about 0.03% or less 

[0018] Phosphorus (P) is an element that causes a decrease in corrosion resistance, sulfide stress cracking resist- 
ance, and hot workability; the P content is preferably as low as possible. However, an extreme reduction in P content 
s leads to a significant increase in process costs. Thus, the P content is about 0.03% or less in the invention in view of 
the balance between production costs and mechanical properties, i.e., corrosion resistance and sulfide stress cracking 
resistance. 

S: about 0.005% or less 

10 

[0019] Sulfur (S) is an element that causes a noticeable decrease in hot workability. The P content is preferably as 
low as possible for improving pipe productivity and improving toughness and stress corrosion cracking resistance. 
However, an extreme reduction in S content leads to a significant increase in process costs. Thus, the S content is 
about 0.01 0% or less and more preferably about 0.005% or less in the invention in view of pipe production by a general 
'5 process. 

Cr: about 10.0% to about 15.0% 

[0020] Chromium (Cr) is a primary element that ensures high corrosion resistance and stress corrosion cracking 
20 resistance of the martensitic stainless steel seamless pipe. The desired corrosion resistance is achieved at a Cr content 
of at least about 10.0%. However, a Cr content exceeding about 15.0% causes deterioration of hot workability. Thus, 
the Cr content is preferably in the range of about 1 0.0% to about 1 5.0%. 

Al: about 0.001% to about 0.05% 

25 

[0021] Aluminum (Al) is an element that functions as a strong deoxidizing agent in the steel making process. The 
deoxidizing effect is noticeable at an Al content of at least about 0.001%. However, an Al content exceeding about 
0.05% leads to an increase in oxide inclusions, which decrease toughness. Thus, the upper limit of the Al content is 
about 0.05%. 

30 [0022] The composition may further contain at least one element of Ni, Mo, and Cu; at least one element of Nb, V. 
Ti. Zr, B, and N; and/or at least one element of Ca and REM (rare earth metals). 

At least one element of about 7.0% or less of Ni, about 3.0% or less of Mo, and about 3.0% or less of Cu 

35 [0023] Ni, Mo, and Cu improve corrosion resistance of the pipe and may be added if necessary. 

[0024] Ni significantly improves strength and toughness of the pipe, in addition to the corrosion resistance. These 
effects are noticeable at a Ni content of about 1 .0% or more. However, these effects are not comparable with the Ni 
content if the Ni content exceeds about 7.0%. 

[0025] Mo increases corrosion resistance and particularly pitting corrosion resistance. This effect is noticeable at a 
40 Mo content of about 0.1% or less. However, if the Mo content exceeds about 3.0% leads to a decrease in corrosion 
resistance, stress corrosion cracking resistance, and hot workability due to the formation ofy-ferrite. 
[0026] Cu contributes to the formation of a stiff protective film, which increases corrosion resistance. This effect is 
noticeable at a Cu content of about 0.1% or more. However, a Cu content exceeding about 3.0% causes a decrease 
in hot workability. 

45 

At least one element of about 0.2% or less of Nb. about 0.2% or less of V, about 0.3% or less of Ti, about 0.2% or less 
of Zr, about 0.0005% to about 0.01% B, and about 0.07% or less of N 

[0027] Nb, V, Ti, Zr, B, and N improve mechanical strength such as toughness and may be added to the raw material, 
so if necessary. However, if the raw material contains not less than about 0.2% Nb, not less than about 0.2% V, not less 
than about 0.3% Ti, not less than about 0.2% Zr, not less than about 0.01% B, or not less than about 0.07% N, the 
toughness and corrosion resistance decrease. 

At least one element of about 0.0005% to about 0.01% Caand about 0.0005% to about 0.01% REM (rare earth metals) 

55 

[0028] Ca and REM contribute to spheroidization of inclusions. Preferably, the Ca content is at least about 0.0005% 
or the REM content is at least about 0.0005% for the spheroidization. However, a Ca content exceeding about 0.01% 
or an REM content exceeding about 0.01% decreases toughness and corrosion resistance. 
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[0029] The balance of the composition is composed of Fe and incidental impurities. 

[0030] A martensitic stainless steel molten metal having the above composition is prepared in the invention by a 
known process using a converter or the like. Preferably, the molten metal is cast into slabs by a continuous casting 
process, and the slabs are rolled to form billets (raw materials for making original pipes). Alternatively, the molten metal 
s is preferably cast into billets directly by a continuous casting process. 

[0031] Fig. 2 shows outline of the production process according to selected aspects of the invention. A billet of the 
martensitic stainless steel having the above composition is heated to an austenitic temperature range and subjected 
to piercing and elongation to form an original pipe (original pipe production step). 

[0032] Preferably, the austenitic temperature range is between about 1 ,1 00°C and about 1 ,300°C. A temperature 
10 below about 1 ,1 00°C causes unsuccessful piercing and elongation due to high deformation resistance. A temperature 
above about 1 ,300°C causes a significant decrease in hot workability and toughness due to the formation of y-ferrite. 
and a decrease in yield and an unsatisfactory surface state due to significant scaling. 

[0033] Piercing may be performed by any known piercing mills of a skew rolling type (Mannesmann type) or press 
piercing type, without limitation. The pierced raw material is subjected to elongation to form an original pipe. The elon- 
'5 gation may be performed with any known mill, such as, for example, a mandrel mill and a plug mill without limitation. 
Preferably, the elongation is completed at a temperature above about 800°C. 

[0034] After elongation, the original pipe is cooled to the martensitic transforming temperature (Ms temperature) to 
form a structure substantially composed of martensite in the original pipe. The term "structure substantially composed 
of martensite" means that the structure of the cooled original pipe is composed of at least about 90% by area of 
20 martensitic phase. The balance is composed of about 1 0% or less of austenitic phase and about 2% or less of ferritic 
phase. This martensitic structure facilitates formation of a recrystallized microstructure during the subsequent reheating 
step. If the main phase is a phase other than the martensitic phase, the recrystallized microstructure is not formed 
during the reheating step. As a result, toughness is not so significantly improved or the toughness exhibits noticeable 
anisotropy. 

25 [0035] In the finishing rolling step, the initial rolling temperature T (°C) is between about the A o1 transformation point 
and about the A c3 transformation point. A low initial rolling temperature T below the A c1 transformation point results in 
insufficient recrystallization. Mechanical properties exhibit significant anisotropy due to remaining rolling texture. A high 
initial rolling temperature T above the A^ transformation point accelerates recrystallization after the rolling step. As a 
consequence, toughness is not improved due to the inhibited formation of a microstructure. Accordingly, the initial 

30 rolling temperature T (°C) is set to the range of about the A c1 transformation point to about the A c3 transformation point. 
[0036] Preferably, in the finishing rolling step, the reduction in area R is in the range of about 10% to about 90%, 
and the initial rolling temperature T and the reduction in area R satisfies relationship (1): 

35 800 <T- 0.625R < 850 (1) 

wherein the reduction in area R (%) is the ratio of a decrement by rolling to the sectional area before rolling: 

4Q Reduction in area R = [{(sectional area before rolling) - (sectional area after rolling)}/(sectional area before rolling)] H 
100 

[0037] At a reduction in area R of less than about 10%, strain generated during the rolling is small. The formation of 
45 a microstructure during the rolling is inhibited. Thus, the resulting pipe does not exhibit desired strength and toughness. 
At a reduction rate in area R exceeding about 90%, anisotropy is noticeable because of elongation of the structure. 
Accordingly, the reduction in area R during the finishing rolling step is in the range of about 10% to about 90% and 
more preferably about 30% to about 70%. 

[0038] In addition, the initial rolling temperature T is preferably controlled according to the reduction in area R so 
so that these two parameters satisfy relationship (1) in the finishing rolling step of the invention. 

[0039] Fig. 1 is a graph showing the effects of the reduction in area R and the initial rolling temperature T in finishing 
rolling on the toughness of a martensitic stainless steel seamless pipe. 

[0040] In region C, the initial rolling temperature T and the reduction in area R satisfy relationship (1) and the initial 
rolling temperature T lies between the A c1 transformation point and the A c3 transformation point. In region C, both the 
55 absorbed energy {B_ W ) L per unit area of the longitudinal direction (L direction) and the absorbed energy (E. 40 ) c per 
unit area of the circumferential direction (C direction) are about 180 J/cm 2 or more, and the ratio (E. 40 ) C /(E_ 40 ) L is about 
0.80 or more. Accordingly, the pipe exhibits high absorbed energy per unit area indicating high toughness and reduced 
anisotropy in toughness. In regions A and B wherein T - 0.625R < 800, the absorbed energy per unit area in the C 
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direction decreases to less than about 1 80 J/cm 2 and the ratio (E. 40 ) C /(E. 40 ) L decreases to less than about 0.80. This 
indicates large anisotropy. In region B in which the initial rolling temperature T is higher than the A c1 transformation 
point, however, the absorbed energy per unit area in the C direction is about 90 J/cm 2 or more, which is a sufficiently 
satisfactory level in practice. In regions D and E wherein 850 < T- 0.625R, the absorbed energy per unit area in the L 

s direction and the absorbed energy per unit area in the C direction decrease to less than about 180 J/cm 2 . However, 
in region D in which the initial rolling temperature T is lower than the A c3 transformation point, the absorbed energy 
per unit area in the L direction and the absorbed energy per unit area in the D direction are about 90 J/cm 2 or more, 
which is a sufficiently satisfactory level in practice. In conclusion, in ranges in which the initial rolling temperature T 
lies between the A c1 transformation point and the A c3 transformation point, the absorbed energy per unit area in the L 

10 direction and the absorbed energy per unit area in the D direction are about 90 J/cm 2 or more, which indicates sufficiently 
high toughness in practice. 

[0041] Preferably, after the finishing rolling satisfying relationship (1), the pipe is cooled in air or cooled at a cooling 
rate that is larger than that of air cooling. During the subsequent tempering, a martensitic microstructure having low 
anisotropy is formed. As a result, the processed pipe (final pipe product) has high mechanical strength and small 
'5 anisotropy. 

[0042] Preferably, the finishing rolling step is performed using a tandem mill, for example, a hot stretching reducing 
mill or a sizing mill. 

EXAMPLES 

20 

[0043] Each of martensitic stainless steel molten metals having a composition shown in Table 1 was prepared in a 
converter and cast into a slab by a continuous casting process. The slab was rolled to form a billet (material for an 
original pipe). The billet was subjected to piercing using a Mannesmann-type piercing mill and elongation using a 
mandrel mill to form an original pipe as shown in Table 2. After elongation, the original pipe was cooled to a temperature 
25 below the Ms point so that the composition of the pipe was substantially composed of a martensitic structure. A test 
piece was prepared from a part of the original pipe and the structure was observed with an optical microscope. In 
comparative examples, original pipes were reheated immediately after elongation, without cooling to the temperature 
below the Ms point. 

[0044] Each original pipe was reheated to a temperature shown in Table 2 and subjected to finishing rolling under 
30 conditions shown in Table 2 using a hot stretching reducing mill to form a pipe product having a size shown in Table 
2. Next, the pipe was cooled in air and tempered at a temperature shown in Table 2. 

[0045] Test pieces were prepared along the longitudinal direction (L direction) of each pipe product, and the yield 
strength YS and tensile strength TS in the L direction were measured according to ASTM A370. The absorbed energy 
E_4o per unit area at -40°C was measured by a Charpy impact test in the circumferential direction (C direction) and the 
35 L direction according to ASTM A370. Each test piece had a thickness of 5 mm (sub size), and both ends along the C 
direction of the test piece for the C direction test were corrected. The ratio (E.^c/JE.^l of the absorbed energy in 
the C direction to the L direction was calculated. These results are shown in Table 3. 

[0046] Each pipe according to the invention had a high yield strength of 550 MPa or more and a high absorbed 
energy per unit area in the L direction (E. 40 ) L of 1 80 J/cm 2 or more. The ratio (E. 40 ) C /(E_ 40 ) L of the absorbed energy 
40 in the C direction to the L direction was at least 0.80. Accordingly, each pipe according to invention exhibits high 
toughness and low anisotropy of toughness compared with a conventional example (Pipe 8) and comparative examples. 
Each pipe in the comparative examples exhibited low toughness in the L direction or in the C direction and high ani- 
sotropy indicated by a low ratio (E. 40 ) C /(E. 40 ) L of less than 0.80. 
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Claims 

55 1. A method for making a high-strength high-toughness martensitic stainless steel seamless pipe comprising: 

heating a martensitic stainless steel raw material to an austenitic range; 
piercing and elongating the raw material to form an original pipe; 
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cooling the original pipe to form a structure substantially composed of martensite in the original pipe; 
reheating the original pipe to a temperature in a dual-phase range between the A c i transformation point and 
the A c3 transformation point; 

finishing-rolling the original pipe at an initial rolling temperature T (°C) between the A c1 transformation point 
s and the A c3 transformation point; 

cooling the original pipe to form a processed pipe having a predetermined size; and 
tempering the processed pipe at a temperature below the A^ transformation point. 

2. The method according to Claim 1 . wherein a reduction in area R during finishing rolling is in the range of about 
10 1 o% to about 90%, and the initial rolling temperature T and the reduction in area R satisfy the relationship: 800 < 

T - 0.625R < 850. 

3. The method of Claim 1 . wherein the raw material contains about 0.005% by weight to about 0.30% C, about 0.1 0% 
to about 1 .00% Si, about 0.05% to about 2.00% Mn, about 0.03% or less of P, about 0.005% or less of S, about 

is 10.0% to about 15.0% Cr, about 0.001% to about 0.05% Al; and the balance Fe and incidental impurities. 

4. The method of Claim 3, wherein the raw material further contains about 7.0% or less of Ni, about 3.0% or less of 
Mo, and about 3.0% or less of Cu; at least one element of about 0.2% or less of Nb, about 0.2% or less of V, about 
0.3% or less of Ti, about 0.2% or less of Zr, about 0.0005% to about 0.01% B, and about 0.07% or less of N; about 

20 0.0005% to about 0.01% Ca and about 0.0005% to about 0.01% REM (rare earth metals). 

5. The method of Claim 1 , wherein the austenitic temperature is between about 1100°C and about 1300°C. 

6. The method of Claim 1 , wherein elongating the raw material is performed at a temperature of above about 800°C. 

25 

7. The method of Claim 1 , wherein the A C1 transformation point is at about 815°C. 

8. The method of Claim 1 , wherein the Aq 3 transformation point is at about 920°C. 

30 9. The method of Claim 1 , wherein a reduction in area R during finish rolling is between about 30% and about 70%. 

10. The method of Claim 1 , wherein the steel has an absorbed energy (E_ 40 ) L per unit area of a longitudinal direction 
(L direction) and an absorbed energy (E. 40 ) c per unit area of a circumferential direction (C direction) of about 180 
J/cm 2 or more. 

35 

11. The method of Claim 10, wherein a ratio (E_ 40 ) C /(E. 40 ) L is about 0.80 or more. 

12. The method of Claim 1 , wherein the steel has an absorbed energy (E_ 40 ) L per unit area of a longitudinal direction 
(L direction) and an absorbed energy (E. 40 ) c per unit area of a circumferential direction (C direction) of about 90 

40 J/cm 2 or more. 

13. A method for making a high-strength high-toughness martensitic stainless steel seamless pipe comprising: 

heating a martensitic stainless steel raw material to an austenitic range; 
45 piercing and elongating the raw material to form an original pipe; 

cooling the original pipe to form a structure substantially composed of martensite in the original pipe; 
reheating the original pipe to a temperature in a dual-phase range between the A c1 transformation point and 
the A c3 transformation point; 

finishing-rolling the original pipe at an initial rolling temperature T (°C) between the A c1 transformation point 
so and the A c3 transformation point; 

cooling the original pipe to form a processed pipe having a predetermined size; and 

tempering the processed pipe at a temperature below the A c1 transformation point such that the steel has an 
absorbed energy (E. 40 ) L per unit area of a longitudinal direction (L direction) and an absorbed energy (E. 40 ) c 
per unit area of a circumferential direction (C direction) of about 180 J/cm 2 or more, and 
55 a ratio (E. 40 ) C /(E. 40 ) L of about 0.80 or more. 
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